When I first began thinking about glaucoma, 23 years ago, life was much simpler. Dogma demanded treatment of any patient with an intraocular pressure consistently greater than 21 mmHg, while success was announced by a pressure consistently below 22 mmHg. Seven years later I returned to the subject and presented my planned studies to a small group of fellow clinical epidemiologists that I had gathered together from across the Johns Hopkins University faculty. My initial self-confidence was destroyed by a cardiologist who concluded from my presentation that glaucoma appeared to be a condition one could not define, could not diagnose, and for which there was little evidence that therapy materially altered the course of the disease. He was right then; he is, unfortunately, largely right today.
For too long glaucoma research has resembled the fabled story of the airline pilot whose voice boomed across the plane's intercom: 'I'm pleased to announce that we've reached 35 000 feet and a cruising speed of 540 nautical miles an hour. While we are hope lessly lost, we are nonetheless making excellent time.'
WHAT IS PRIMARY OPEN ANGLE GLAUCOMA?
Basically, we do not know -or, at best, lack a precise definition of primary open angle glaucoma (POAG). This presents a certain irony, since POAG is characterised by the most quantifiable parameters of any ophthalmic entity: intraocular pressure, aqueous outflow, a variety of geometric measure ments of the optic disc and a myriad ways to test and describe the visual field. Probably the best we can do, without making unwarranted assumptions, is to note that POAG is 'a characteristic form of optic neuropathy among patients with open angles that is related, to some degree, to the level of intraocular pressure'.
Given the imprecision of the overall definition I will not try to describe the modifier, 'characteristic', particularly as it relates to the appearance of the optic nerve head, nerve fibre layer or the visual field. The bottom line: We presume to know it when we see it.
WHAT 'CAUSES' PRIMARY OPEN ANGLE GLAUCOMA?
At whatever level we enquire -whether it be the aetiology of a patient's intraocular pressure or the destruction of their optic nerve -the answer is that we do not know either what causes POAG. We are, however, increasingly gaining more data and greater insight about some of the parameters of potential importance.
Intraocular Pressure
No factor is more traditional or potentially amenable to treatment than the level of intraocular pressure (lOP). There is no question that, statistically, the risk of glaucomatous optic nerve damage is directly related to the height of the intraocular pressure:1,2
The prevalence of POAG increases with increasing IOP. 3 The risk of subsequently developing glaucomatous field loss increases with increasing IOp.1,4-7 Among patients with asymmetrical lOP and visual field loss in one eye, the eye with the field loss almost invariably has the higher lOP. This is as true for patients with severe monocular elevations in lOP following trauma as it is for asymmetrical levels of lOP among patients with so-called normal tension glaucoma, where neither eye has an lOP greater than 21 mmHg. 8,9
Dramatic reductions in lOP appear to reduce the risk of subsequent nerve damage. The greater and more consistent the reduction in pressure, the greater the reduction in risk;1 0-14 It is importantto recognise that there is little if any evidence that 21 mmHg represents a threshold level of any particular import. While it is a traditional 'cut off', lOP levels above 21 mmHg conventionally being classified as 'abnormal' (as in 'ocular hypertension'), 21 mmHg is simply a statistical construct of normal ity; it was meant to represent 2 standard deviations above the mean lOP (approximately 16 mmHg) in the normal population at large. In a normally distributed (Gaussian) population, roughly 3% of normal individuals would have higher lOP levels. In screening studies, however, the actual percentage is often closer to 8%?,lS By a twist of history, this normal construct became a mark of abnormality. Because only a relatively small popula tion of normal individuals have an lOP greater than 21 mmHg and even fewer greater than 23 mmHg, these were considered useful cut-offs for concentrat ing potentially high-risk subjects, making screening for cases of actual glaucoma more efficient; they were never meant to be criteria for defining POAG. If there really is a minimal lOP threshold for glaucoma, observational data on treatedlO,11,14 and untreated1,4,S,16 subjects suggest it is closer to 16mmHg.
While the risk of an individual developing glauco matous optic nerve damage increases with increasing lOP, the risk is already evident at levels below 21 mmHg (Fig. 1 ). Since most people have an lOP below 21 mmHg, it is not surprising that a significant proportion, perhaps 20-30% of all patients with characteristic POAG, have lOPs consistently below 21 mmHg. 1 ,3,1 7
The important point is that there is little scientific basis for the traditional distinction between 'high' and 'low' tension glaucoma. The relationship between lOP and glaucoma is a continuum, much like the relationship between systemic hypertension and stroke. Patients with an lOP in the high teens are already at increased risk.
Structure of the Optic Nerve
Clearly, lOP represents only one of the many factors determining the risk of glaucomatous optic nerve damage. We have all had patients with 'normal pressures' who develop characteristic glaucomatous optic nerve damage, and other patients with much higher pressures who do not.
One study suggests lOP may account for only 10% of such risk.IS Exactly what accounts for differences in disc vulnerability remains obscure, but probably relates to the size, organisation and composition of the optic nerve and its supporting structures/9 the size and shape of the scleral canal, and the vascular supply. The risk of POAG is at least 5 times greater in blacks than whites2 0-22 but their levels of lOP are similar. 3, 20 On average, blacks have larger discs than A. SOMMER whites.19,23,24 Their cups are also larger in proportion to the larger size of their scleral canals. As the disc increases in size in normal individuals, the retinal rim area, thought to be the best index of the number of optic nerve axons, increases as well; but the increase is greater in whites than in blacks, suggesting blacks may have disproportionately fewer axons, for each size disc, than whites. This might well account for at least some of the increased risk of glaucomatous optic nerve damage among black subjects. Whether the apparent increase in vulnerability of the optic nerve in blacks is directly related to recognised differences in its structure are uncertain, but provides potentially important clues to a more general phenomenon.
Vascular Flow
There is growing evidence that vascular flow to the optic nerve may play an important role. Drance and co-workers, using sophisticated statistical analyses, have provided tenuous evidence for the existence of two distinct groups of patients: those with and those without a vasospastic component. Both groups contained patients characterised as having 'high tension' and 'normal tension' glaucoma?S We recently evaluated the potential role of systemic blood pressure, and its derivative, pulse pressure, as determinants of glaucoma. We reasoned that the oft-reported lack of association between systemic hypertension and glaucoma made little biological sense?6 Early in systemic hypertension, the higher head of pressure should force more blood through the vascular network serving the optic nerve; in late-stage hypertension, increased vascular resis tance from narrowed vessels should reverse this advantage. When we pooled all our data, we found little association between systemic hypertension and the risk of existing glaucomatous damage. But when we dissected the data further, distinguishing the risk relationship among younger and older hypertensives (surrogates for early and late hypertension) inde pendently, the data fitted our hypothesis exactly. Young hypertensives seem to be protected from glaucoma, having only half the risk of their normo tensive, age-matched peers. In contrast, older hyper tensives had double the risk of glaucoma of their age matched peers (Fig. 2) ?6 The risk of glaucoma increased in direct relation to the height of the systolic, diastolic and mean systemic blood pres sures? 6 The determinants of blood flow to the optic nerve are highly complex.27 These include (but are not limited to) systemic blood pressure, lOP, 'perfusion pressure' (systemic blood pressure minus lOP, a better determinant of the gradient of pressure forcing blood through the vascular tree), vascular resistance and other factors affecting the quantity (rather than velocity) of blood flow, the latter measured, some what grossly, by Doppler studies? 8,29 A variety of potential perfusion pressure determinants were con structed: the most conclusive was the diastolic perfusion pressure (Fig. 3) . The relationship between pulse pressure and POAG held true for subjects below and above 65 years though, as anticipated, the absolute risk of POAG, as well as the relative risk associated with lower perfusion pressure, increased with age (Table  I) . Despite the rapid rise in risk of glaucoma with diastolic perfusion pressures below 50 mmHg, less than one-third of all subjects with POAG fell within this category. More refined measures of vascular perfusion, applied to individuals of different age and with different structural characteristics of their optic nerve, might well provide important clues to identi fying those at greatest risk (and insights on how best to manage them).
While we could define a 'pulse pressure' that helped distinguish some glaucomatous from non glaucomatous subjects,16 repeat studies, in other populations, will be required to confirm and refine our results. Recent data from the Netherlands and elsewhere confirm the association between lOP and blood pressure observed in the Baltimore eye Survey?6,30--32 However, this association between lOP and blood pressure is distinct from the associa tion between POAG and perfusion pressure (except to the extent that the small increase in lOP accompanying an increase in blood pressure affects perfusion pressure) and would therefore not explain the inversion in risk between systemic hypertension and POAG observed with ageing in the Baltimore study.
The bottom line: Vascular flow to the optic nerve is probably an important and under-recognised deter minant of optic nerve vulnerability, and perfusion pressure is one meaningful way of integrating the relationship between lOP and blood pressure. No doubt the real relationship is more complex -but what we know to date highlights the potential vulnerability of the optic nerve to aggressive reduc tions in systemic blood pressure, a warning sounded in the past.33 Treatment of older patients for systemic The same monotQnic trend between diastolic perfusion pressure and prevalence of POAG is seen among younger and older subjects. The higher the perfusion pressure, the lower the risk of POAG. The trend is more pronounced among older subjects, perhaps because flow through more stenotic vessels is less susceptible to autoregulation and more dependent upon the 'head' of pressure.
hypertension requires careful and considered ophthalmological input.
Age
It has long been known that the incidence and prevalence of POAG increase with age. What is not clear is whether older individuals have more vulner able optic nerves or simply have suffered more frequent and prolonged insults over their lifetime. Probably both play a role. The biological evolution of hypertension may exemplify the former; the slow, persistent (though sometimes step-wise and incre mental18,34) increase in optic nerve damage over many years, perhaps the latter. Whatever the basis, older people are at greater risk of developing demonstrable field loss than younger individuals, and deserve more frequent and aggressive investiga tion.
DETECTING PRIMARY OPEN ANGLE GLAUCOMA
We cannot prevent the underlying disease (POAG) itself, only its consequences, Such secondary preven tion should obviously be instituted as soon as practicable. But how soon can that be (Fig. 4) ? Treating individuals whose lOP simply exceeds a specified value (21 mmHg, 25 mmHg, etc.) incurs the risk of harming, or at least inconveniencing, large numbers of patients who never needed intervention in the first place. By the same token, it will result in failure to recognise, and therefore delay in treating, many patients who might benefit from intervention. Multiple studies have demonstrated that half of all adults with glaucoma will have a screening lOP less than 21 mmHg, while 8% of all normals will have higher pressures (Fig. 5) Optic Nerve
Visual Field Disturbed
Onset of Glaucoma? patients to complain of significant loss of their visual fields. By then, probably 10% or fewer axons remain. Not only is the patient's ability to function already compromised, but there is little time or leeway to preserve the few remaining axons.
The commonest approach to detection and defini tive diagnosis awaits the appearance of characteristic defects in the nerve fibre layer,36-39 progressive enlargement of the optic CUp,40-42 or the develop ment of characteristic visual field defects. 43 Data collected in the population-based Baltimore Eye Survey indicate that at a fixed level of specificity of 85 %, traditional lOP screening identifies half the patients in need of treatment; supra threshold peri metry (STP) almost two-thirds; and a combination of rop, STP, cup geometry and other risk factors 83% (Table II ) (A. Sommer and J. Tielsch, unpublished data)? 5 Only detailed threshold perimetry is likely to identify nearly everyone with glaucomatous damage, and these will already have lost a third or more of their optic nerve.44
The bottom line: If we really want to identify all patients with significant glaucomatous optic nerve atrophy, we must include full threshold perimetry as an integral part of every routine examination.
Other diagnostic tools fall short of the mark. At a fixed specificity of 85%, sensitivity varied from 51 % for lOP alone (not shown) to 83% for a combination of factors developed in a ste p -wise logistic regression. Data from Baltimore Eye Survey? aOperator receiving curves artificially fixed at specificity of 85 % for comparison. bModel l: age, race, lOP, family history, diabetes.
Simplified, relatively rapid multiple presentation STP will miss a considerable number of glaucomatous subjects. Nonetheless it is quick, cheap, and likely to identify those with the most advanced disease and therefore in most urgent need of intervention (personal communication: W. E. Sponsel, R. Ritch, R. Stamper, E. J. Higginbotham, D. Anderson, T. Zimmerman T, for the Prevent Blindness America Glaucoma Advisory Committee. Prevent Blindness America visual field screening study).
MANAGEMENT OF PRIMARY OPEN ANGLE GLAUCOMA
It makes little sense to waste time and resources detecting glaucoma if one cannot influence its out come. Despite anecdotal reports and uncontrolled observations, there is a dearth of definitive evidence that treatment reduces the risk of subsequent optic nerve damage.4 5 It is not surprising that treating everyone with an 'elevated' lOP seemingly 'pre vented' many from developing 'glaucomatous damage'. Most would never have developed glauco matous damage in the first place! Until recently, the best available data came from several observational studies of patients treated for glaucomatous damage: the better the control of their lOP the better their prognosis.1O,1l,46 In two of these studies, patients whose lOP was maintained at or below 16 mmHg fared far better than those whose lOP ranged from the high teens to the low twenties.1 0,1l
Topical lOP-lowering medication administered to patients with 'ocular hypertension' appears to reduce the risk of developing visual field loss when compared with untreated controls, although not all such studies have yielded similar, beneficial results.16,4 7 ,4 8 Part of the variation may relate to sample size and selection, medications employed, the degree to which lOP was reduced, compliance, effects on the contralateral eye (when the contra lateral eye served as the control), and systemic effects of the drug. While encouraging, these studies are hardly definitive.
Value of Reducing lOP
More recently, a series of increasingly sophisticated trials, many them from the United Kingdom, have been conducted on patients with pre-existing, well documented glaucomatous field 10SS.13,14 Perhaps the most convincing and definitive to date was the large, long-term Moorfields trial, comparing the relative value of medical, laser and surgical intervention.14 Not only was the study well controlled but, encoura gingly, the results were internally consistent. Surgery was more likely than laser or medical therapy to reduce lOP below 22 mmHg; among those patients in whom this target was achieved, the average lOP 299 was 4 mmHg lower among patients rece1Vmg fistulising procedures than among patients receiving laser or medical therapy; and the stability of the visual field paralleled the degree to which the lOP had been lowered.
Half a dozen additional controlled trials are under way. One or two are likely to provide additional definitive data relating reduction in lOP to protec tion of the optic nerve.49
The bottom line: While the data are less than ideal, it is likely that by significantly lowering lOP one can effectively reduce the rate of optic nerve destruction. The relationship, however, is not simply linear -a small or even a modest reduction in lOP may provide little or no clinically significant benefit.
Choice of Therapy
We are in the midst of a therapeutic revolution. Although proclivities for pursuing non-invasive modalities were always greater on the American side of the Atlantic, 5 0 recent studies, and those just getting under way, are likely to draw us closer together. The American Academy of Ophthal mology's Quality of Care Committee, which I chaired, recommended the traditional, conservative approach to management: initiate therapy with topical agents, beginning with one and rising to three; add systemic carbonic anhydrase inhibitors if need be; progress to laser trabeculoplasty to augment the response; and finally, when all else fails, perform a fistulising procedure.51 This 'stepped' therapy was formalised in the management principle of achieving an acceptable 'target pressure', a level of lOP deemed, on the basis of patient's history and physical findings, likely to prevent further optic nerve damage. Patients might fail to achieve this target lOP because therapy, compliance or both were inadequate; or the target itself might prove too high, damage progressing despite its having been 'achieved' (assuming the patient used their medicine and maintained the same 'target' pressure during the interval between examinations).
A famous glaucomalogist once said, 'You don't know how to treat glaucoma until you've been at it for at least ten years.' His underlying message was that one is easily deluded by short-term follow-up into believing you have been effective in halting further progression; it is only after following patients for ten or more years that one realises those seemingly transient and potentially inconsistent fluctuations in lOP, visual fields or the appearance of the disc, really represented deterioration, and the patient was getting progressively worse without anyone having recognised it or acted on it.
The bottom line: While we must await more data to be definitive, my twenty years of experience and the data at hand suggest surgery is probably the initial treatment of choice for most cases of POAG. Successful filters result in the most marked, unwa vering reduction in lOP (and potential increase in vascular perfusion), 5 2 and hence in the greatest reduction in risk of progressive optic nerve damage. Furthermore, results do not require careful, lifelong patient compliance and there is every reason to expect patients will be happier with their 'blebs' than with instilling drops or taking carbonic anhydrase inhibitors multiple times each day. Recent studies even suggest initial topical therapy might be harmful in the long term -it appears to increase conjunctival inflammation and fibrosis, 5 3-55 reducing the success rate of subsequent filtering surgery.56 , 57 There is not yet a consensus on this point -but when there is, it will cause a true paradigm shift in therapeutic approach.
In Conclusion 1. Do not make the diagnosis of glaucoma lightly.
Once made, we are duty-bound to do all in our power to reduce lOP to a 'safe' (i.e., 'target') level, which generally means the mid to low teens. 2. We should consider including detailed perimetry as part of our routine examination of all patients, particularly if they are black or elderly. The less detailed the perimetry, the more meagre the proportion of early glaucoma cases we will detect. 3. Once we have made the diagnosis of primary open angle glaucoma, we must treat the patient aggres sively. I am convinced that almost as many people may have gone blind in the United States under careful but conservative management than from no management at all. If simple laser trabeculo plasty or a single topical agent does not bring the lOP into the target range, consider operating. Available data suggest it may be better to operate initially in any case. 4. We need to pay particular attention to glaucoma patients with systemic hypertension. Clearly their hypertension will need to be controlled, but an abrupt reduction in blood pressure could have a devastating impact on their optic nerve. 5. We eagerly await the results of the (few good) studies presently under way, and stand prepared to effect a whole new approach to glaucoma manage ment.
